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Abstract 
 
This work comprises the preparation of polymeric micelles containing core-shell-corona 
architecture and fabrication of hollow inorganic nanospheres such as hollow silicas and different 
metal oxides. 
The first chapter gives a brief and general introduction of hollow inorganic nanoparticles 
and various existing methods for the synthesis of these nanoparticles. 
The second chapter describes the controlled synthesis of hollow silica nanospheres by 
using Poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS±PVP±PEO) micelles and tetra-
methoxysilane (TMOS) as the silica precursor.  This approach was well established by us in 
which the PS core of micelle acts as the template for the cavity, the ionized PVP shell serves as a 
reservoir and nano-reactor for the silica precursor while PEO corona helps in stabilization of the 
polymer/silica hybrid particles by preventing the formation of secondary aggregates.  By using 
the triblock copolymer with different PS chain lengths, it was found that the cavity size of 
hollow silica nanospheres can be fine-tuned on a several nanometer scale.  In addition, the wall 
thickness can also to be fine tuned by changing the concentration of the silica precursor. 
Detailed investigation has been carried out over these polymeric micelles to get 
nanospheres with controlled morphologies.  The third chapter describes the preparation of mixed 
micelles PS-PVP-PEO and homo polystyrene (homo-PS).  By adding different amount of homo-
PS, micelles with different core size were successfully prepared.  The obtained micelles were 
thoroughly characterized by various techniques and confirmed a similar core-shell-corona 
structure.  The PS core can be enlarged by adding home-PS which may be due to the existence of 
the unionized PVP layer.  The mixed micelle was also successfully applied to the fabrication of 
hollow silica nanospheres by using TMOS as the precursor.  Although the addition of homo-PS 
caused a broader distribution of polymeric micelle size, the cavity size of hollow silica 
nanospheres can be controlled within a rage of several nanometers.  Furthermore, the effective 
control of wall thickness through precursor concentration was also demonstrated. 
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However, the disadvantage of PS-PVP-PEO micelles is that PVP can only be protoned in 
acidic solution (pH<5) and become hydrophilic by carrying positive charge, and it is impossible 
to follow this approach for the fabrication of other kinds of hollow inorganic nanospheres.  To 
solve this problem, we have prepared a new polymeric micelle using Poly(styrene-b-2-vinyl-1-
methylpyridinium iodide-b-ethylene oxide) (PS-PVMP-PEO) which was synthesized by 
quaternizing poly (2-vinyl pyridine) block of PS-PVP-PEO with iodomethane.  It was found that 
the micelle of PS-PVMP-PEO also had a core-shell corona structure but with a positive 
hydrophilic PVMP shell in a wide range of pH value in aqueous solution.  The adsorption 
capacity of this new micelle was also tested with a metal ion. PS-PVMP-PEO/tungstate hybrid 
micelles were synthesized by binding tungstate anions to the PVMP block at neutral pH in 
aqueous solutions, which was characterized by various techniques including dynamic light 
scattering, scanning electron microscopy, transmission electron microscopy, and zeta-potential 
measurements.  It was found that the PS-PVMP-PEO/tungstate hybrid micelles have a shrunk 
spherical structure after incorporating tungstate ion to PVMP shell. 
The fifth chapter describes the illustrates of several kinds of hollow metal oxide 
nanospheres, such as niobium pentoxide (Nb2O5), cerium oxide (CeO2), and vanadia (V2O5) by 
the same approach using the new polymeric micelle of PS-PVMP-PEO.  To the best of our 
knowledge, this is the first report for the synthesis of hollow nanospheres of Nb2O5, CeO2, and 
V2O5.  For the synthesis work, niobium (V) ethoxide, cerium sulfate, and ammonium vanadate 
(V) were employed as the precursors.  The particles were produced through the sol-gel process of 
these precursors in the aqueous solution.  The results were confirmed by transmission electron 
microscopy measurements.  The new micelle template played a similar role as that of PS-PVP-
PEO micelles in the fabrication of hollow silica nanospheres.  The removal of PS block by 
calcinations forms the void space of the nanospheres, the PVMP provides a place for precursor to 
form the wall structure of the hollow nanospheres, and the existence of PEO corona makes the 
hybrid more stable.  The success in the preparation of hollow metal oxide nanospheres proves 
that there is a high possibility that this approach can be adapted for the fabrication of hollow 
nanospheres of other kinds of inorganic materials. 
The major conclusions are summarized in chapter 6. 
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Chapter 1  
 
Introduction 
 
1.1 Hollow nanoparticles: Preparation and Applications 
Nanotechnology is one of the emerging fields of research both academically and 
industrially.  Nanomaterial is any particulate that has a critical dimension on the scale of 1 to 100 
nm and nanotechnology is the collection of procedures for manipulating matter on this scale in 
order to build nanosized entities for useful purposes.  A wide range of nanoparticles with 
different morphologies such as nanosphere, nanorod, nanowire, nanotube, and nanocage were 
synthesized.  Unlike the bulk materials, the nano-sized particles are expected to offer materials 
with superior electrical, magnetic, catalytic, thermal, and mechanical properties based on their 
dimensionality.  Since they serve as a bridge between solid-state bulk materials and atomic or 
molecular structures, they could find potential applications in various fields.  
 Much of the research work in the last decade has been devoted for preparation dense 
nanoparticles.  Among the various hollow structures, hollow nanospheres are of great interest in 
many emerging areas of technology because the void space has been used to modulate refractive 
index, density, increase surface area for catalysis etc.  Apart from these features, one can also 
utilize the nanospheres as nanoreactor, nanocarrier or nanostorage devices that exhibit unique 
optical, electrical, and magnetic properties.1-7  In this chapter we give brief introduction about 
nanospheres, fabrication using triblock copolymer micelles as soft templates, and finally 
characterization of nanospheres synthesized in the laboratory. 
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1.1.1 Preparation of hollow spheres 
Much effort has been paid to evaluate an ideal and convenient synthesis procedure of 
hollow nanospheres under mild conditions.  The nanospheres are commonly obtained through 
self-assembly using soft templates because it provides superior control over nucleation and 
crystal growth. In addition there are also a few reports by template free route8,9; however which 
is not so popular because of its poor control over phase purity and morphology.  The formation 
of nanospheres by template assisted synthesis is schematically described in Figure 1.  In this 
template route, desired inorganic precursor is first coated over the template either by physical or 
chemical interaction to provide an intermediate called organic-inorganic hybrid material 
containing core-shell structure.  Finally the corresponding inorganic hollow structures can be 
obtained after removal of the organic templates either by calcination or solvent extraction. 
 
 
F igure 1. General synthesis of hollow nanoparticles using templates. 
 
 
Several synthesis strategies have been adopted for the fabrication of hollow particles. 
Previously the well-known hydrothermal method was employed due to its simplicity which uses 
dense materials to produce hollow nanoparticles.10,11  However this method lacks control over 
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nucleation and also not a versatile procedure since only a few inorganic hollow structures were 
reported till date.   
Chemical vapor deposition (CVD) method12,13 is another route to produce hollow 
nanoparticles14,15 that are difficult to obtain by other approaches, and the advantage of this 
method is that one can monitor the particle growth during the synthesis process.  Atomic layer 
deposition (ALD)16 is another strategy to synthesize hollow particles by which hollow Al2O3 
nanosphere and nanotubes with controlled dimensions were obtained by using PS-P4VP 
polymeric templates which self-assembled to form spheres or cylinderical nanostructures.17  
However both CVD and ALD synthesis approaches employ sophisticated special devices or 
critical conditions limiting the application of these techniques.  
It has also been reported that hollow nanostructure can be realized by well-known 
kirkendall effect18 and is an example for sacrificial templating approach. Kirkendall effect 
normally involves void formation near interfaces due to different interdiffusion rates in a bulk 
diffusion couple.  Due to selective etching of the inorganic template core and outward flow of 
inorganic mass in one particular direction create a void space inside the core of the template to 
produce hollow structures.  A typical route to design hollow nanoparticles by Kirkendall effect is 
shown in Figure 2.19  Alivisatos synthesized for the first time the hollow CoO (CoS) through 
kirkendall effect20,21 and afterwards a number of hollow nanostructures were synthesized by 
different research groups by employing this technique.22-29  Xia and co-workers have developed a 
modified approach of sacrificial template to produce mainly metallic and bimetallic hollow 
structures through metal exchange or displacement reactions.23,30,31  By these metal ion exchange 
reaction, hollow metal nanoparticles with unique morphology or negatives of the corresponding 
template can be readily obtained.  By using the above technique Sun et al. have also reported the 
synthesis of monodispersed hollow Fe3O4 starting from Fe-Fe3O4 nanopartile seeds.32  Thus the 
sacrificial template approach was also found to be reliable choice for preparing of hollow 
nanoparticles of metals and their composites.  
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F igure 2. Typical route for the synthesis of hollow nanoparticles through kirkendall effect. 
 
Recently, the colloidal templating method is getting more and more attention because of 
its good controlling ability, tunable experimental parameters to control nucleation/crystal growth 
and wide applicability.  The colloidal method is based on the sol-gel reaction followed by self-
assembling condensation reaction.  The desired colloidal material is first coated on the template 
by sol-gel reaction, and then the template is removed either by calcinations at high temperature 
or dissolution with suitable organic solvents to generate the void space inside the particles.  
Unlike calcinations, the solvent extraction method is usually carried out under ambient 
temperature simply by stirring with appropriate solvent.  The pioneering work of several groups 
showed the versatile nature of this synthesis strategy for a variety of hollow nanoparticles.3-6  An 
important issue to be considered during synthesis is to optimize the reaction parameters to 
control the morphology and dimension of the particles and extend the procedure to unknown 
system to produce novel materials.  Since template plays an important role during nucleation and 
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growth of particular phase, one can synthesize a variety of structures by choosing suitable 
templates.   
 
1.1.2 The applications of hollow nanoparticles 
Hollow nanostructures possess characteristics such as low density, high surface-to-
volume ratio, and low coefficients of thermal expansion and refractive index that make them 
attractive for applications ranging from catalyst support, antireflection surface coatings, and 
rechargeable batteries.  For example, silicon nanowires show superior thermal and electrical 
properties different from the bulk silicon materials.33   
The enormous development in hollow nanoparticles synthesis has greatly helped to tune 
their optical properties,34,35 catalytic properties,36 and superparamagnetic behaviour37 and so on.  
The hollow structures are also a very good candidate in storage devices and charge carriers.38 
Silica hollow sphere is an important material for biomedical applications like drug/gene delivery 
because of its non-toxicity, biocompatibility, and well-established bioconjugation methods using 
silane chemistry.  They have the ability for adsorption and release of sensitive materials such39-41 
as drugs and fluorescent markers apart from well-known catalytic applications.  In addition, drug 
molecules can be loaded into the cavity and on the surface of the hollow nanoparticles and 
typical release pattern can be investigated over living cells.  One can also control the amount and 
rate of drugs released by altering the pore dimensions and wall structures.41,42  
 
 
1.2 Synthesis of hollow nanoparticles by Colloidal templates 
The colloidal templating approach is quite popular for control over morphologies and 
novel materials design by scanning with various templates.  The first step is to find suitable 
templates from organic, inorganic and biomolecules43-47 for fabrication of hollow nanoparticles. 
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Generally in the template synthesis route, an organic/inorganic intermediate composite is 
obtained by sol-gel reaction.  To obtain the corresponding hollow structure the templates should 
be evacuated from the composites to create hollow void which is normally carried out either by 
thermal route by heating at high-temperature or solvent extraction using suitable organic solvents 
at optimum temperature.  To remove inorganic template like SiO2, strong acids like dilute HF is 
often employed and for organic template like polymeric compounds, both calcinations and 
organic solvents are employed based on the nature of inorganic materials. 
 
1.2.1 Hard template 
The most common hard templates are monodispersed silica particles, polymer latex 
colloids, carbon nanospheres, and nanoparticles of metal and metal oxides such as CaCO3,48,49 
Se,50,51 and ZnS.47  Preparation of hollow structures by hard templating usually multistep process 
involving preparation of hard template, functionalization and/or modification of the template 
followed by coating with desired inorganic precursors and finally removal of the templates52.  
Templating against hard templates is arguably the most effective, and certainly the most common 
method for synthesizing hollow nanostructures.  However, hard templates have several intrinsic 
disadvantages, which range from the inherent difficulty of achieving high product yields from 
the multistep synthetic process to the lack of structural robustness of the shells upon template 
removal.  Therefore templating against the soft templates has attracted the much attention 
recently. 
 
1.2.2 Soft template 
The well known examples for the soft templates are micelles/vesicles, emulsion droplets, 
gas bubbles, and organic dendrimer/biopolymers.  Organic surfactants and polymeric aggregates 
are relatively easy to prepare and used for the generation of inorganic materials.53  Among them 
the polymer based templates are most attractive and widely used for morphosynthesis in the 
nanometric dimensions.  Due to the development of the ionic living polymerization and the well 
controlled radical polymerization, various block copolymers can be synthesized and also 
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commercially available.  By simply altering the block length or introducing chemically different 
blocks one can realize interesting structures and morphologies.54 
 
1.2.3 Some organic templates 
1.2.3.1 Polystyrene as template 
Polystyrene (PS) beads are popularly used as support because of its good hydrophobicity 
coupled with ease of availability in the range of submicrometers.  The polystyrene has 
advantageous for several reasons including their narrow size distribution and ready availability in 
relatively large amounts.  Apart from this, it can also easily prepared by emulsion polymerization 
from styrene monomer and the diameter of the PS ball can be simply controlled by the reaction 
time.  Previously the PS latex was mainly used for the synthesis of hollow spheres with large 
sizes (several hundred nanometers).  Furthermore the surface of PS beads can easily be modified 
and Cornelissen used this surface modification technique for amine and zwitterion 
functionalization onto PS latexes and used these materials as template for the growth of SiO2 in 
alkaline media.55  
 Caruso prepared hollow silica spheres by combining PS latex and Layer by Layer (LBL) 
method as depicted in Figure 3.  By coating negatively charged silica precursors and positively 
charged PDADMAC polymer (poly(diallyldimethylammonium chloride)) through sequential 
deposition of oppositely charged species hollow silica was obtained after removal of PS latex by 
calcinations.  Similarly PS latex was also employed by Syoufian for the synthesis of hollow TiO2 
spheres56 and in this case the interaction between inorganic TiO2 and PS spheres is mainly 
hydrophobic-hydrophilic in nature.  The use of large PS latex template always leads to rather 
large hollow spheres.  Occasionally PS beads produce smaller hollow spheres and Trogler et al. 
obtained the hollow silica spheres with the diameter of around 100 nm by using amine 
functionalized PS beads as templates.57  However, there is no report on the synthesis of silica 
hollow nanoparticles with size below 100 nm by using PS beads as templates. 
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F igure 3. Synthesis of hollow particles by templating PS latex and LBL technique. 
 
1.2.3.2 Micelles, vesicles, and cylinders 
With the rapid development of polymer science especially amphiphilic block polymers 
served as turning point for producing interesting nanostructures and their replication of inorganic 
structures.  The amphiphilic polymer self-assembles to different nanostructures such as micelles 
(core-shell structure), vesicles (double layer structure), cylinders (tube structure) etc. in aqueous 
solution due to hydrophobicity and hydrophilicity.  Generally the diameter of micelle ranges 
from several nanometer to several hundred nanometer and can be conveniently used as template 
for the synthesis of smaller hollow particles with sizes below 100 nm.  Micelles also have 
advantages of tunable sizes and morphology by adjusting solution temperatures, ionic strengths, 
and solvent compositions.58  In addition to amphiphilic polymeric templates, micelles and 
vesicles can also be formed by small surfactant molecules which are widely utilized for hollow 
nanoparticles fabrication.59  Well-ordered, multilamellar vesicular structures have been 
transcribed into silica by an aerosol-assisted self-assembly method, in which droplets of an 
ethanol/water acidic solution of TEOS (tetraethylorthosilicate) and a non-ionic ethylene oxide-
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based surfactant were dried and subsequently heated in a continuous manner to yield well 
defined vesicular mesostructures.  Hubert et al. have carried out the experiments to grow silica 
particles on the vesicle.60  Xu et al. have recently reported synthesis of novel multishelled Cu2O 
hollow spheres by CTAB (cetyltrimethylammonium bromide) vesicles templating route.61  The 
structure of multishelled Cu2O (single-, double-, triple, and quadruple-shelled) hollow spheres 
can be easily controlled by adjusting the concentration of the CTAB.  The formation of 
multishelled structures is ascribed to the assembly of multilamellar vesicles of CTAB molecules. 
 
1.2.3.3 Bimolecules as templates 
Some biomolecules like bacteria and fungus can also act as the templates for the 
synthesis of hollow particles.  Zhang et al. have reported the one step synthesis of hollow ZnS 
nanostructure templated by bacteria under sonochemical method.62  The sonication helped not 
only the formation of ZnS wall but also the dissociation of the bacterial structures. 
 
 
1.3 Block copolymer micelles  
The availability of a variety of organic molecules with different functional groups and 
their facile transformation into block polymers with functional groups on the backbone enables 
them to serve as a superior template.  The block copolymers and their self-assembling behavior 
have been investigated over the years by several research groups and reported.63-67  In the current 
thesis, polymeric micelles in aqueous solution will be discussed in detail.  A simple amiphiphilic 
block copolymer is a typical diblock copolymer with hydrophobic- and hydrophilic-chain.  
Triblock copolymers are also prepared by different polymerization reactions based on the 
requirements.  It could be a symmetric polymer such as ABA type (hydrophilic-hydrophobic-
hydrophilic) or BAB type (hydrophobic-hydrophilic-hydrophobic), whose properties are similar 
to that of diblock copolymer after micelle formation.  Suppose if the polymer chain is 
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asymmetric then it is called ABC type which contains a midblock polymer chain besides the 
hydrophobic and hydrophilic chains (Figure 4).   
Due to distinct characteristics of each polymer block, the polymer itself is capable of 
forming particles with various morphologies spontaneously.  For instance when a polymer 
contains a hydrophilic block and hydrophobic block, it may assemble to form micelle in the 
aqueous solution.  By simply changing the conditions like solvents, temperature, pH values or 
polymer blocks, it facilitates the formation of different nanostructures like micelles, vesicles, 
cylinders or some other advanced structure which provides much more choice for the synthesis 
of hollow nanoparticles.  Among the various structures, the micelle can be obtained easily and 
used as template for synthesis of inorganic hollow nanospheres. 
Among these block copolymer micelles, the PS based copolymers are frequently used 
due to strong hydrophobic property of the PS block, which facilitates the micelle formation in 
aqueous solution.  It is also worth to note that PS can be easily synthesized in large scale with a 
narrow molecular weight distribution.  Block copolymer with a long enough PS block would 
form frozen micelles in water solution instead of equilibrium micelles, in which exchange of the 
unimer between the micelle and aqueous bulk phase is kinetically frozen.68  It is due to the high 
glass transition temperature of PS block69 and in this case no exact CMC (critical micellization 
concentration) can be measured. 
 
1.3.1 Diblock copolymer micelles 
In order to form polymeric micelle from a diblock copolymer, the polymer should contain 
at least two block chains of different properties.70-79  Normally one block is soluble while other is 
insoluble in a particular solvent and as a result the insoluble block forms a micelle core whereas 
the soluble block forms the micelle shell.  In the case of aqueous solution, hydrophobic block 
like PS and hydrophilic block like PEO (poly(ethylene oxide)) or PAA (poly(acylic acid)) can 
easily form micelles.  With a relatively short hydrophobic chain, micelles can be simply 
assembled by adding polymer into water directly; however heating or dialysis is necessary to 
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disperse if there is a relatively long hydrophobic block.  Normally, the ratio of hydrophobic part 
and the hydrophilic part determines the feasibility of micelle formation in a particular solvent. 
 
F igure 4. Typical block copolymers use for preparing micelles. 
 
Eisenberg et al. have investigatigated thoroughly the formation of poly (styrene-b-acrylic 
acid) (PS-PAA) micelles70-73 and found that solvent played a great role in the continuous change 
of morphologies assemblies.  And they also observed that for a longer PS block the formation of 
micelles was still possible, which is called as crew-cut micelles.  For the crew-cut micelles, the 
core radius is much bigger than the length of shell; however hairy micelle is formed when the 
shell chain is much longer than the core size as shown in Figure 5.  The disadvantage of crew-cut 
micelles is that it can not be stored for long time. 
Wooley et al. have also focused much of their research work over modification of the 
polymeric micelles74,75 and using some organic compounds, they synthesized shell cross-linked 
micelles (Figure 6).  The segments of the hydrophilic chains are covalently crosslinked to form 
the micelle shells.  The shells are formed by the interactions of polymer segments with external 
agents and form a barrier layer over the core domain and the polymeric micelles would then be  
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F igure 5. Hairy micelle and crew-cut micelle. 
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F igure 6. Schematic representation of the morphologies of the shell cross-linked micelle. 
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locked and stabilized.  The corss-linked shells would provide robust additional features to the 
nanoparticles and can be applied to the preparation of organic/inorganic composite, hollow 
nanosphere or drug delivery.  Furthermore, the shell cross-linked micelles also allow us to 
remove the core to generate hollow nano-cage like structures. 
Not only amphiphilic copolymer can form micelles, but also double hydrophilic 
copolymers are also widely explored to form micelles.80  Another interesting feature in 
polymeric micelles is that by adding counter ions, one part of the polymer will be neutralized to 
become hydrophobic, which leads to self-assembled nanoaggregates similar to that of micelles.  
Poly (ethylene oxide-b-methacrylate) (PEO-PMA) was well characterized double hydrophilic 
copolymers to form nanoaggregates by binding cationic surfactants or ions.81-85 
 
1.3.2 T riblock copolymer micelles as templates 
Though various diblock copolymers have been developed and successfully applied to 
form micelles, the triblock copolymers are still have many advantages.86-87  The commonly used 
triblock copolymer contains two identical blocks attached to each other through another block 
with different properties (ABA type).  The most famous one is the commercial available Pluronic 
(poly (ethylene oxide-b-propylene oxide-b-ethylene oxide), PEO-PPO-PEO).  This kind of 
symmetric triblcok copolymers will form micelles with similar core-shell architecture as the 
micelles of diblock copolymers.  However by using asymmetric triblock copolymers, novel type 
of micelles and structures can be obtained as schematically described in Figure 7.  They form 
micelles with core-shell-corona tri-layer architecture instead of the double-layer core-shell 
structure or core-shell system with a mixed shell.  We can also change the architectures by 
adjusting the polymer chains, solvent, and reaction environment.  As for the core-shell-corona 
structures, the additional shell layer may provide multi function for the whole system such as a 
reservoir for inorganic precursors or act as nano-reactors.  In certain solvent, the morphology of 
micelles can be tuned from a normal micelle to a disk like and cylinder-assemblies or to one 
dimensional packing of disk like micelles to multicompartment cylinders88-89 by simply adding  
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F igure 7. Schematic representation of different types of micelles formed by ABC triblock 
terpolymers. (a) Core-shell-corona micelles with a compartmentalized core, (b) micelles with a 
mixed corona (no chain segregation), (c) core-shell-corona micelles with a compartmentalized 
corona (radial chain segregation), (d) Janus micelles with an asymmetric corona (lateral chain 
segregation), and (e) vesicles 
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organic diamines as observed in the case of poly (styrene-b-acrylic acid-b-methacrylic acid) (PS-
PAA-PMA). 
Armes et al. have also reported the shell cross-linked micelles of triblock copolymers to 
function as the polymeric assemblies90-91 and their application as pH-responsive particulate 
emulsifiers. 
A typical asymmetric triblock copolymer namely poly (styrene-b-2-vinyl pyridine-b-
ethylene oxide) (PS-PVP-PEO) has been investigated by several groups92-100 and the general 
molecular skeleton is shown in Figure 8.  It was found that frozen micelle is formed in aqueous 
solution and the micelle consists of a hydrophobic PS core, a pH sensitive PVP shell which can 
be protonated at acidic conditions and the outer hydrophilic PEO corona.  The unique property of 
PVP units makes them to act as functional layer or reaction sites.  When pH is higher than 5, 
PVP chain is hydrophobic so that it cannot dissolve in water and a micelle with shrunken 
morphology is obtained with double layers core.  However adjusting pH to acidic medium of 
below 5, the PVP begins to protonate partially and the micelle will shift to an extended 
conformation with an ionized hydrophilic PVP shell as shown in Figure 9.  And the PVP shells 
show very good adsorption or binding ability for various ions especially metal ions, which lead 
to the shrinkage of PVP shell after the charge neutralization. 
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F igure 8. Chemical structure of PS-PVP-PEO triblock copolymer. 
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F igure 9. Morphology change of micelle of PS-PVP-PEO copolymer in aqueous solution 
adjusted by pH value. 
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1.4 Synthesis of hollow silica nanospheres using polymeric micelle templates 
The basic knowledge over the synthesis of block copolymer micelles has been 
successfully applied for fabricating silica hollow nanospheres.101  Armes et al. have reported the 
synthesis core-shell structures of polymer/silica composite by deposition silica precursors on the 
micelles of diblock copolymer before and after quaternization of amine functionality.102  A 
partially quaternized cationic PDMA (poly(2-(dimethylamino)ethyl methacrylate)) chains was 
used for the deposition of silica, which lead to hybrid polymer-silica particles of around 35nm 
diameter with well-defined core-shell morphology. 
Recently, a new approach was developed by our group103 by using commercially 
available PS-PVP-PEO to prepare micelle in aqueous solution by dialysis route.  The micelle 
gives an extended morphology with a positive PVP shell when the pH is adjusted to 4.  
Tetramethoxysilane (TMOS) was used as the silica precursor and the hydrolysis of TMOS was 
catalyzed by the protoanted PVP block104,105 and silica wall is formed in the PVP blocks after 
selective deposition by the sol-gel reaction.  After calcinations at 500 oC for 4 h to remove the 
templates, hollow silica nanospheres with clear hollow voids were obtained. 
In addition to the catalytic role of PVP units towards hydrolysis of TMOS, it also 
facilitates the binding of silica precursors by electrostatic interaction; at pH 4 silica gives a 
negatively charged silanol group which can easily form ionic-complex with protonated PVP 
layer of the micelles.  Actually, most of the inorganic oxide colloids show positive or negative 
charge in aqueous solution due to the addition or elemination of protons, which depends on the 
solution pH.  The pH value for which the electrical charge density on the colloid surface is zero 
is so called the point of zero charge (PZC).106-109  In other words, PZC is the pH value at which 
dissolved solute in an electrolyte exhibits no net electrical charge on the surface and by tuning 
pH value the charge on the colloidal system can be controlled. 
The mechanism of fabrication of silica nanospheres using triblock copolymer is 
illustrated in Figure 11.  In this strategy, the PS core of the micelle acts as the template of the 
cavity and the PVP shell serves as reaction site for selective deposition of silica while the PEO 
corona helps to stabilize the hybrid from the secondary aggregations.  Based on this result, it is 
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necessary to further extend this method of fabrication for other inorganic nanospheres.  The 
micelles morphology was also investigated by systematically changing the PS chain length or 
adding homo polystyrene.  Thus obtained hollow silicas exhibited hollow cavities of different 
sizes indicating the fine control of present method.  In addition, the tuning of silica wall 
thickness was also studied by changing the amount of silica precursors employed. 
 
  
F igure 10. Fabrication of Hollow Silica Nano-sphere from PS-PVP-PEO Micelle 
 
Although PS-PVP-PEO based micelle has good control over morphology, it can not be 
used throughout the entire spectrum of pH.  To overcome this difficulty, we have quaternized the 
PVP units to produce a new micelle with a hydrophilic as well as positively charged PVMP shell 
in a wide pH range.  Several kinds of hollow metal oxide nanospheres were successfully 
obtained using this template and could be employed for synthesis of various interesting other 
inorganic materials. 
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The main objective of this thesis work to find out suitable candidate for the fabrication of 
hollow inorganic nanospheres.  So far research experience reveals that the micelle with core-
shell-corona structures formed by the triblock copolymer in aqueous solution can act as a good 
template for synthesis of nanospheres.  The use of polymeric micelles also offers better control 
over the cavity dimensions and the wall thickness and it is highly likely that it has a great 
potential for the fabrication of various hollow inorganic nanostructures. 
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Chapter 2 
 
Controlled Synthesis of Hollow Silica Nanospheres 
Templated by Micelles of poly(styrene-b-2-
vinylpyridine-b-ethylene oxide) 
 
 
Hollow silica nanospheres have been successfully prepared by templating the polymeric 
micelles of poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS±PVP±PEO), which shows a 
core±shell±corona structure in aqueous solutions. In this template, each block has its own 
function; the PS block (core) works as a template of the void space of hollow silica, the PVP 
block (shell) acts as a reaction field for the sol±gel reaction of silica precursor, and the PEO 
block (corona) stabilizes the polymer/silica composite particles. It was found that the diameter of 
the void space of the hollow silica spheres can be fine-tuned on a several nanometer scale by 
changing the chain length of the PS block. The wall thickness of the hollow silica is also 
finetuned by varying the concentration of the silica precursor. 
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2.1 Introduction 
Inorganic hollow nanoparticles are now becoming popular in the chemical and material 
communities because of their low density, large specific area, and surface permeability.1±3 
Various strategies have been developed to prepare hollow nanoparticles, such as templated,1 
sonochemical,4 and hydrothermal methods.5 Among these techniques, template synthesis is 
attracting much attention because it enables us to easily control the structures as well as to have 
access to a wide range of different materials.2,3 Therefore, many templates have already been 
reported, and polymer nanoparticles (e.g., latex particles and polymeric micelles) are some of the 
most promising templates owing to their well-tuned size and morphology.6,7 Generally, latex 
particles have been employed for fabricating relatively large hollow particles with diameters 
ranging from submicrometers to micrometers,1,8 while polymeric micelles are used for smaller 
hollow particles with diameters of less than one hundred nanometers.9 Although there have been 
many studies of latex templates, only a few reported the use of polymeric micelle templates.10,11 
We have recently succeeded in preparing hollow silica nanoparticles by templating a 
polymeric micelle with a core±shell±corona structure in aqueous solutions.12 We used the 
micelle of poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS±PVP±PEO) as a template and 
tetramethoxysilane (TMOS) as a silica precursor (Scheme 1). The feature of our method is that 
each block of the copolymer has its own function during the silica synthesis; (i) the PS block 
forms the core of the micelle to be a template of the void space in the hollow silica, (ii) the PVP 
block forms the shell to be a reaction field of the sol±gel reaction of TMOS, and (iii) PEO forms 
the corona to stabilize the polymer/silica intermediate composites. After removing the template 
polymer from the polymer±silica composite particles by calcinations, we obtained hollow silica 
nanoparticles. The obtained hollow silica nanoparticles were found to have a spherical structure 
with narrow distributions of void volume and shell thickness. 
In the present study, we tried to control the structural parameters of the hollow silica, i.e., 
the void volume by changing the PS chain length and the wall thickness by changing the amount 
of the silica precursor. As expected, the void volume of the obtained hollow silica regularly 
increased with the increase in the PS chain length, and the wall thickness increased with the 
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increase in the concentration of the precursor. To the best of our knowledge, this is the first study 
in which the cavity size and wall thickness of the hollow silica were successfully fine-tuned on a 
scale of several nanometers. 
 
Scheme 1. Fabrication of hollow silica nanospheres from  PS-PVP-PEO micelle. 
 
 
 
2.2 Experimental 
2.2.1 Preparation of polymeric micelle 
We employed three kinds of PS±PVP±PEO block copolymers with different chain 
lengths of PS, PVP, and PEO, i.e., PS(14.1k)±PVP(12.3k)±PEO(35k), PS(20.1k)±PVP(14.2k)±
PEO(26k) and PS(45k)±PVP(16k)±PEO(8.5k). The numbers in the parentheses are the molecular 
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weights of the block chains (14.1k, for example, denotes 14100). All of them were obtained from 
Polymer Source, Inc and used without further purification. The micelles of PS(14.1k)±
PVP(12.3k)±PEO(35k) and PS(20.1k)±PVP(14.2k)±PEO(26k) were prepared according to the 
method of Gohy et al.13 and described in detail in our previous paper.12 The micelle of PS(45k)±
PVP(16k)±PEO(8.5k) was prepared according the method of Zhang and Eisenberg for the 
µµFUHZ-FXW¶¶PLFHOOHV14 because the PS chain is much longer than the water-soluble PEO chain. 
PS(45k)±PVP(16k)±PEO(8.5k) was dissolved in DMF at the initial concentration of 1wt%. After 
the polymer was completely dissolved, water was added dropwise to the solution with vigorous 
stirring until the water content reached 5wt%. The rate of the water addition was 1wt% per min. 
More water was added to the solution to make the final polymer concentration 0.5 wt %. The 
solution was then dialyzed against water to obtain the micelles. 
 
2.2.2 Preparation of Hollow Silica Nanospheres 
The pH of the solution was then adjusted to 4 using a diluted HCl solution. The PS±PVP±
PEO micelle solution was slowly stirred for 2 days after the desired amount of TMOS was added.  
For control of the silica wall thickness, different amounts of TMOS were used (PVP:TMOS = 
1:10, 1:15, 1:20, and 1:25 in a base molar unit). The solution of the template micelle and the 
precursor was then stored for 4 more days without stirring to allow the silica network to be 
formed by the sol±gel reaction. After the sol±gel reaction was completed, the obtained silica/PS±
PVP±PEO composite particles were separated from the solvent by centrifugation (at 6000 rpm) 
and dried at 50 oC for several hours. The template polymer was removed from the composites by 
calcination; the temperature of the furnace was raised to 500 oC at the rate of 10 oC/min and kept 
at 500 oC for 4 h in air.15 
 
 
 
32  
  
2.2.3 Characterization 
The hollow silica nanospheres were observed by transmission electron microscopy 
(TEM).  The products were dispersed in water.  The TEM samples were prepared by casting one 
drop of the mixture on a copper grid, then dried in air.  The TEM pictures were recorded on 
JEOL JEM-2000FX Electron Microscope at the voltage of 200 kV. 
 
 
2.3 Results and Discussion 
Figure 1 illustrates examples of the transmission electron microscope (TEM) images of 
the hollow silica nanospheres.  The hollow structure can be clearly observed. The TEM images 
for other typical samples (by different template and with different amount of silica precursor) are 
given in figure 2-4. Almost all the hollow silica particles show a uniform spherical shape with a 
smooth shell wall. Only when PVP: TMOS = 1:10 does the hollow silica show a 
nonhomogeneous structure in all of the three types of PS±PVP±PEO templates.  This may be due 
to the low concentration of TMOS. The size of the void space and wall thickness of the obtained 
hollow silica spheres are listed in Table 1. 
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F igure 1. TEM pictures of hollow silica nanospheres prepared by templating the micelles of 
PS(20.1k)-PVP(14.2k)-PEO(26k). The concentration of PS-PVP-PEO is 0.9 g/L and the molar 
ratio of PVP/TMOS is 1:15. 
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F igure 2. TEM images of silica hollow nanospheres produced from silica/PS(14.1k)- 
PVP(12.3k)-PEO(35k) composites.  The molar ratio of PVP: TMOS is a) 1:10, b) 1:15, c) 1:20,  
d) 1:25, and the concentration of the PS-PVP-PEO is 1 g/L. 
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F igure 3. TEM images of silica hollow nanospheres produced from silica/PS(20.1k)- 
PVP(14.2k)-PEO(26k) composites.  The molar ratio of PVP: TMOS is a) 1:10, b) 1:15, c) 1:20, 
d) 1:25, and the concentration of the PS-PVP-PEO is 0.9 g/L. 
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F igure 4. TEM images of silica hollow nanospheres produced from silica/PS(45k)- PVP(16k)-
PEO(8.5k) composites.  The molar ratio of PVP: TMOS is a) 1:10, b) 1:15, c) 1:20, d) 1:25, and 
the concentration of the PS-PVP-PEO is 1 g/L. 
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Table 1. Void space diameters and shell thicknesses of the hollow silica nanospheres. 
Template polymer 
(MPS-MPVP-MPEO) 
PVP : TMOS Void space diameter (nm) Wall thickness (nm) 
14.1k-12.3k-35k 1:10 10.1 ±0.8 5.9 ±1.0 
1:15 9.7 ±0.6 5.7 ±0.5 
1:20 10.3 ±1.0 6.4 ±0.7 
1:25 10.8 ±1.0 7.8 ±0.8 
20.1k-14.2k-26k 1:10 14.5 ±1.4 5.3 ±0.5 
1:15 13.9 ±1.7 5.8 ±0.4 
1:20 13.8 ±1.2 7.5 ±0.7 
1:25 14.0 ±1.5 7.7 ±0.8 
45k-16k-8.5k 1:10 18.0 ±1.7 6.0 ±0.7 
1:15 18.3 ±1.6 6.4 ±1.0 
1:20 20.4 ±2.1 7.4 ±0.9 
1:25 19.6 ±2.2 8.1 ±0.8 
 
It is clear from Table 1 that the void space diameter of the hollow silica can be correlated 
with the chain length of the PS block of the template copolymer. As the molecular weight of the 
PS block increased from 14k to 20k and then to 45k, the void space diameter of the hollow silica 
increased from 10 to 14 and then to 20 nm. It should be noted that the void space diameter can be 
fine-tuned on a scale of several nanometers by changing the PS block length. This fact strongly 
demonstrates the usefulness of the present method.   
It is interesting to compare the size of the template micelle with the size of the hollow 
silica. According to Gohy et al.,13 the size of PS core of the PS(20.1k)±PVP(14.2k)±PEO(26k) 
micelle is 20 nm, while the void space diameter of the corresponding hollow silica obtained by 
us is 14 nm. This indicates that the hollow silica particles shrunk during the calcinations. The 
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extent of the shrinkage is around 30%. This kind of shrinkage during the calcination has also 
been reported for hollow titania particles.8,16 In a similar way, the size of the micelle of 
PS(14.1k)±PVP(12.3k)±PEO(35k) (PS core diameter: 14 nm13) was compared to the void space 
diameter (11 nm) of the resulting hollow silica. The rate of shrinkage is about 20% in this case. It 
seems that the rate of shrinkage increased with the increasing particle size. 
We realize from Table 1 that the wall thickness of the hollow silica increased with the 
increasing TMOS concentration.  This fact proves that the wall thickness of the hollow silica 
particles is tunable by changing the TMOS concentration. It is also expected that the wall 
thickness of the hollow silica can be controlled by the chain length of the PVP block, because the 
sol±gel reaction of the silica precursor mainly occurs in the PVP domain of the template 
micelle.12 However, the three template copolymers employed in this study have similar PVP 
sizes, so that we cannot discuss the effect of the chain length of the PVP block on the wall 
thickness. This will be examined in a future study.   
 
 
2.3 Conclusions 
In summary, we have successfully prepared hollow silica nanospheres using three kinds 
of PS±PVP±PEO triblock copolymer micelles with a core±shell±corona architecture. The 
obtained hollow silica nanospheres have a uniform shape. We have found that the void space 
diameter can be fine-tuned on a several nanometer scale by changing the length of the PS block. 
We have also confirmed that the wall thickness of the hollow silica nanoparticles can be easily 
controlled by varying the concentration of the silica precursor. The most interesting feature of 
this approach is the possibility that it might be applied to the preparation of other inorganic 
hollow particles with a controlled cavity size and wall thickness. 
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Chapter 3  
 
Synthesis of Hollow Silica Nanospheres Templated by 
Mixed Micelles of Poly(styrene-b-2-vinylpyridine-b-
ethylene oxide) and Homo Polysytrene 
 
Mixed micelles of Poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS-PVP-PEO) and homo 
polystyrene (homo-PS) were successfully prepared in aqueous solution. The mixed micelles were 
characterized by various techniques such as dynamic light scattering, scanning and transmission 
electron microscopies, and fluorescence spectrophotometer.  It was found that the mixed micelles 
had a core-shell-corona structure and the size of PS core increased by adding homo-PS, which 
has significant effect on their hydrodynamic diameter.  The PS core can be enlarged by adding 
homo-PS because of the unionized PVP layer.  Hollow silica nanospheres were fabricated by 
employing these mixed micelles using TMOS as the silica precursor.  Although the addtion of 
homo-PS caused a broader distribution of polymeric micelle sizes, the cavity size of hollow 
silica nanospheres can be controlled within a rage of several nanometers by the addition of 
homo-PS.  Furthermore, the influence of silica precursor concentrations over wall thickness is 
proved beyond any doubt. 
 
 
 
42  
  
3.1 Introduction 
Recently hollow nanopaticles have attracted great attention in many fields like material 
science, catalyst development, medical science, and so on.1-2  To date, silica is the most popular 
material synthesized in hollow morphology which may be due to easy hydrolysis of silica 
precursor and facile condensation of silica species.1,3-6  Previously we have reported the 
fabrication of hollow silica nanospheres,7 using Poly(styrene-b-2-vinylpyridine-b-ethylene 
oxide) (PS-PVP-PEO) micelle with core-shell-corona structures.  It is interesting to note that the 
cavity size of hollow silica nanospheres can be easily tuned in a range of several nanometers by 
simply changing the PS block length while the wall thickness can also be altered by adjusting the 
concentration of silica precursor. 
It is well established fact that polymer templates control the process of nucleation, crystal 
growth and morphology.2  However it would be very interesting if we could tailor the size of 
hollow nanoparticles by simply modifying or controlling the polymeric templates.  For 
polymeric micelles simple addition of homo polymer directly to increase the size of micelles and 
in the case of PS-PVP-PEO several research groups have made detailed investigation over the 
morphologies.8-14  In the current investigation in our laboratory, the addition of homo-PS to PS-
PVP-PEO micelles increases the PS core size.  In addition, hollow silica nanosperes were also 
synthesized by this type of mixed micelles, and the resultant hollow silica nanospheres contains 
different amount of homo-PS corresponding to the mixed micelles proving the usefulness of the 
present approach. 
 
3.2 Experimental 
3.2.1 Materials 
PS(45k)±PVP(16k)±PEO(8.5k) was commercially obtained from Polymer Source Inc. 
and the numbers in the parentheses indicate the molecular weights of corresponding block chains.  
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Polystyrene (Mw 44,000) and phosphotungstic acid hydrate (P2O5·24WO3·xH2O) were obtained 
from Aldrich and Alfa Aesar, respectively and all the chemicals were used as received. 
 
3.2.2 Preparation of mixed micelles of PS-PVP-PE O and homo-PS 
Calculated amount of PS-PVP-PEO polymer and homo-PS was dissolved in DMF at the 
concentration of 1 wt % (PS-PVP-PEO) and the amount of PS was denoted in terms of weight 
percent of PS/triblock copolymer.  Distilled water was added dropwise into the above mixture till 
the water content reaches 5 wt % followed by addition of more water to freeze the micelles and 
finally the solution was dialyzed against water.  The solution was then transferred to 100 mL 
standard volumetric flask and made up to the mark to get the final polymer concentration of 1 
g/L. 
 
3.2.3 Fabrication of hollow silica nanospheres templated by the mixed micelles 
In a typical experiment for the fabrication of hollow silica nanosphere, 5 mL of mixed 
micelle solutions with concentration of 1 g/L was transferred into a 50 mL flask containing 
magnetic stirring bar.  Then the desired amount of silica precursor (TMOS) was added in to the 
solution.  The mixture was stirred for 2 days and stored for another 2 days at room temperature 
without stirring for further condensation of silica.  The polymer/silica composite was separated 
by centrifuging at 8000 rpm for 30 min and dried at 50 oC.  The hollow silica was obtained after 
calcinations at 500 oC for 4 hours in a muffle furnace under air. 
 
3.2.4 Characterization 
DLS was measured with an Otsuka ELS-8000 Electrophoretic Light Scattering 
Spectrophotometer at a fixed 90 degree scattering angle.  The correlation functions were 
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analyzed by the cumulant method to determine the diffusion coefficient (D) of the micelles. The 
hydrodynamic diameter (Dh) was calculated from D using the Stokes-Einstein equation:  
      , 
where kB is the Boltzmann constant, T the absolute temperature, and Ș the solvent viscosity.  
Micelle solution of 1 g/L was used to measure hydrodynamic diameter at pH 7 and 3 and all the 
samples were passed through 0.45 µm filter before the actual measurement was made.  For each 
sample, measurement was carried out for 3 times successively and the average value was taken 
into consideration. 
Fluorescence and light scattering spectra of the samples were recorded with a Hitachi F-
6500 fluorescence spectrophotometer (right angle geometry, 1 cm x 1 cm quartz cell).  To 
prepare the samples for fluorescence measurement, the concentration of polymer was adjusted to 
0.02 g/L (pH = 3) and that of pyrene was fixed at 0.6 µM.  The samples were excited at 335 nm 
and the band widths are 3 nm and 1 nm for excitation and emission, respectively.  The I1/I3 ratio 
was calculated from the fluorescence spectra of pyrene.  Polymer samples with the concentration 
of 0.008 g/L were used for the light scattering experiments.  The excitation wavelength was 500 
nm and the band width is 1 nm was used for both excitation and emission for light scattering 
experiments. 
Turbidity measurement was carried out by transmission of light through the samples at 
500 nm and a Hitachi U-3900 spectrophotometer was employed for this purpose. Mixed micelle 
solution of 0.1 g/L (copolymer) was prepared and its pH was adjusted to 3.  Then the turbidity 
was calculated by using the formula (100-T500)/100, in which T500 is the transmission at the 
wavelength of 500 nm. 
SEM pictures were recorded using a Hitachi U1500 Electron Microscope with an 
operating voltage of 15 kV.  The SEM samples were prepared by loading a drop of micelle 
solution (copolymer concentration: 1 gL-1) on the carbon film followed by evaporation of water 
under air atmosphere. 
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The TEM pictures were recorded on JEOL JEM-1210 Electron Microscope at operating 
voltage of 80 kV.  The TEM samples were prepared by casting a drop of micelle solution 
(copolymer concentration: 1 gL-1) on a copper grid followed by staining with 1 wt % 
phosphotungstic acid.   
 
 
3.3 Results and Discussion 
3.3.1 Formation of mixed micelle 
The formation of mixed micelle of PS-PVP-PEO and homo-PS was confirmed by DLS 
and SEM/TEM techniques.  The hydrodynamic diameters of the mixed micelles with different 
content of homo-PS were listed in Table 1 (also in Figure 1).  It is seen that with small amount of 
homo-PS, the size of micelles was not changed appreciably and it increases considerably when 
the content of homo-PS reaches 16 %.  The possible reason for this effect may be the homo-PS 
dissolves in the PS domain of the PS-PVP-PEO micelles to some extent.  If we keep increasing 
the amount of homo-PS, the domain of PS core will be enlarged to contain more PS blocks.  So it 
seems that the increased hydrodynamic diameter of micelles is due to the enlargement of their PS 
core.  7KLVUHVXOWLVKRZHYHUGLIIHUHQWZLWK*RK\¶VUHRSRUW15, may be due to different synthesis 
strategy adopted.  PVP will be mostly protoned and hydrophilic in the acidic medium (pH<5); 
however even below pH 1, PVP can not be protoned completely to 100 % and part of PVP units 
will still be left unprotonated which are hydrophobic in nature.  So the micelle of PS-PVP-PEO 
in acidic aqueous solution has actually four layered structure that is the PS core, hydrophobic 
PVP and hydrophilic PVP double shell and PEO corona.  The unprotoned PVP layer protects the 
strong hydrophobic PS core to increase the hydrodynamic diameters in the aqueous solution. 
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Table 1. Hydrodynamic diameter of mixed micelles. 
Micelles Dh (nm) pH 7 Dh (nm)  pH 3 
PS-PVP-PEO/2PS 54.73 68.27 
PS-PVP-PEO/5PS 55.53 75.07 
PS-PVP-PEO/10PS 60.13 78.60 
PS-PVP-PEO/16PS 64.03 81.57 
PS-PVP-PEO/30PS 106.80 135.13 
PS-PVP-PEO / xPS means that the mixed micelles is composed of PS-PVP-PEO and x wt % homo-PS. 
 
 
F igure 1. Hydrodynamic diameter of mixed micelles obtained by DLS DWƔS+DQGƑS+ 
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The existence of micelles was also confirmed by SEM and TEM (Figures 2 and 3) and 
both of them show clear spherical micelle structures.  From the TEM images of micelles, the PS 
core size was estimated.  For every sample, at least 80 particles were selected and measured to 
get the average value and standard deviation which are listed in Table 2.  It was found that the 
size of PS core increased until the concentration of homo-PS reaches to 16 %.  The TEM 
PHDVXUHPHQWZDVFDUULHGRXWLQ³GU\´VWDWHEHFDXVHWKHSRO\PHULFPLFHOOHVZRXOGVKULQNJUHDWO\
in the dried state; whereas in wet samples, the hydrophilic block helps the micelle to be 
stabilized in the expanded structure. 
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F igure 2. SEM images of mixed micelles of PS-PVP-PEO and homo-PS.  The amount of  
homo-PS is (a) 2 wt %, (b) 5 wt %, and (c) 30 wt%. 
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F igure 3. TEM images of mixed micelles of PS-PVP-PEO and homo-PS.  The amount of  
homo-PS is (a) 0 wt %, (b) 5 wt %, (c) 10 wt %, (d) 16 wt %, and (e) 30 wt %. 
 
Table 2. Diameter of PS core obtained by TEM. 
Micelles Dc (nm) 
PS-PVP-PEO/5PS2 28.87±1.58 
PS-PVP-PEO/10PS2 30.90±2.09 
PS-PVP-PEO/16PS2 29.62±1.89 
PS-PVP-PEO/30PS2 35.19±2.04 
PS-PVP-PEO/40PS2 29.99±1.72 
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3.3.2 Characterization of mixed micelles in aqueous solution 
The aqueous solution of PS-PVP-PEO and homo-PS micelles are pale transparent in 
colour since the size of micelles is very small similar to that of PS-PVP-PEO micelles as shown 
in Figure 4.  When the amount of homo-PS is increased, the micelle solution becomes more 
whitish and also nontransparent which was confirmed from the turbidity data as shown in Figure 
5.  The turbidity of micelle aqueous solution increased very little with small amount of homo-PS 
addition, but it increased considerably when content of homo-PS exceeded 16 %.  This can be 
explained by considering the previous DLS data that the hydrodynamic diameter of mixed 
micelles normally increases rapidly at this homo-PS concentration levels. 
   
 
   
F igure 4. Aqueous solution of mixed micelles. 
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F igure 5. Trubidity data of mixed micelles. 
 
Light scattering and fluorescence experiments were also carried out over mixed micelles 
in aqueous solution.  Light scattering experiment was carried out at 500 nm and the collected 
data are shown in Figure 6.  Light scattering is highly sensitive to both micelle sizes and the 
number of micelles.  It is seen from Figure 6 that the light scattering values increases gradually 
in the initial stage but increased rapidly after 10 wt % of homo-PS in the mixture.  The influence 
of micelle size over the light scattering is more significant in most cases due to increased volume 
of the micelles and therefore the light scattering intensity is proportional to D4 to D6 (D is the 
diameter of the particles) in accordance with DLS experimental results.  Although the change in 
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the number of micelles cannot be estimated accurately, the aggregation number of micelles will 
certainly increase with the increase of hydrophobic PS block.  
 
 
F igure 6. Scattering intensity of mixed micelles versus the amount of homo-PS. 
 
For all the fluorescence experiments, pyrene was employed as a probe. The I1/I3 ratio of 
the fluorescence spectra of pyrene is the well known probe of polarity.  The I1/I3 ratio of 
fluorescence spectra for pyrene in mixed micelle aqueous solution is shown in Figure 7.  We can 
observe that the value of I1/I3 did not change significantly in the beginning and also there is 
noticeable decrease with increasing the amount of homo-PS, indicating that pyrene molecules are 
highly dispersed and retains the polarity.  Considering the structure of polymeric micelles, 
pyrene tends to stay in the interface of the hydrophobic core and hydrophilic shell (or corona) 
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due to its poor solubility in water.  With small amount of homo-PS addition, the value I1/I3 is 
approximately 1.2, which is in good agreement with our previous report.16  It is worth to mention 
that the addition of homo-PS will not change the core-shell-corona structure; however when the 
mixed micelle contains a large amount of homo-PS, the PS core may enlarge enough to adsorb 
the PVP units to some extent and this effect may influence the polarity to decrease the I1/I3 
values as seen from the Figure 7. 
 
 
F igure 7. I1/I3 ratio of spectra of pyrene in mixed micelle solution. 
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3.3.3 Synthesis of hollow silica nanospheres using mixed micelles 
Micelle of PS-PVP-PEO has already been successfully used for the synthesis of hollow 
silica nanospheres.  By fluorescence technique we have already confirmed the enlargement of PS 
core of mixed micelles and it would be interesting to use these types of mixed micelles to control 
the cavity size and wall thickness of hollow silica nanospheres.  Here we discuss the 
characterization of hollow silica nanoshpheres obtained by using mixed micelles.  
The TEM images of silica samples clearly show the hollow cavity of these materials as 
exhibited in Figure 8.  The characteristic features of hollow silica nanospheres including 
diameter, cavity size, and wall thickness were estimated from the TEM images.  For each sample, 
at least 50 particles were chosen for estimation and the obtained average value and standard 
deviation are listed in Table 3.  The cavity size of hollow silica nanosphere templated by the 
well-known PS-PVP-PEO is approximately 20 nm, and we have also observed similar results in 
the present investigation using mixed micelle system when the amount of homo-PS is 2 wt %.  It 
proves again that homo-PS will dissolve in the PS domain when the homo-PS concentration is 
low. However, mixed micelles with high concentration of homo-PS lead to larger cavity, which 
confirms the enlargement of PS core by the addition of large amount of homo-PS.  However, 
when the content of homo-PS in the mixture reaches 16 wt %, the cavity size has not changed 
appreciably (around 27~28 nm), which reflects that the cavity size can be tuned within a limit of 
several nanometers.  High content of homo-PS always produces hollow silica nanospheres with 
broader size distribution which may be attributed to the wider distribution of micelle templates.  
The wall thickness of hollow silica nanospheres synthesized through mixed micelles gives 
similar value as that of PS-PVP-PEO system since the same concentration of silica precursor was 
used in both cases.  7KH DERYH UHVXOW DOVR VWURQJO\ FRQILUPV WKH SUHFXUVRU FRQFHQWUDWLRQ¶V
dependence of wall thickness. 
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Table 3. Size of the hollow silica nanospheres obtained from the TEM. 
Micelles Diameter (nm) Cavity (nm) Wall thickness (nm) 
PS-PVP-PEO/2PS2 30.64±1.67 20.71±1.48 5.01±0.87 
PS-PVP-PEO/16PS2 37.05±1.87 27.02±1.73 5.00±0.83 
PS-PVP-PEO/30PS2 38.80±2.88 28.54±2.72 5.10±0.83 
 
 
 
3.4 Conclusions 
In summary, we have successfully prepared the mixed micelles from PS-PVP-PEO 
triblock copolymer and different amount of homo polystyrene.  The micelle formation was 
confirmed by the DLS and SEM/TEM studies.  The PS core has not changed appreciably by the 
addition of a small amount of homo-PS because of the ability of polystyrene to dissolve small 
amount of homo-PS.  The addition of large amount of homo-PS led to enlargement of PS core as 
confirmed by TEM observation which is attributed to the presence of unprotonated PVP layers.  
The addition of homo-PS to PS-PVP-PEO also increased the number of micelles assembled in 
the mixed micelle system. 
The mixed micelle system has also been successfully employed for the fabrication of 
hollow silica nanospheres.  The cavity sizes of hollow silica nanospheres can be controlled 
within a rage of several nanometers by adding different amounts of homo-PS.  The use of high 
amount of homo-PS produced hollow silica nanospheres with broader size distribution. 
 
57  
  
3.5 References 
1. F. Caruso, R. A. Caruso, H. Mohwald, Science 1998, 282, 1111-1114. 
2. Y. Sun, B. Mayer, Y. Xia, Adv. Mater. 2003, 15, 641-646. 
3. Cha, J. N.; Stucky, G. D.; Morse, D. E.; Deming, T. J. Nature 2000, 403,  289-292. 
4. Jan, J.-S.; Lee, S.; Carr, C. S.; Shantz, D. F. Chem. Mater. 2005, 17, 4310-  4317. 
5. Q. Huo, J. Liu, L. Q. Wang, Y. Jiang, T. N. Lambert, E. Fang, J. Am. Chem. Soc. 2006, 128, 
6447-6453. 
6. J. J. Yuan, O. O. Mykhaylyk, A. J. Ryan, S. P. Armes, J. Am. Chem. Soc. 2007, 129, 1717-
1723. 
7. A. Khanal, Y. Inoue, M. Yada, K. Nakashima, J. Am. Chem. Soc. 2007, 129, 1534-1535. 
8. J. F. Gohy, N. Willet, S.K. Varshney, J.X. Zhang, R. Jérôme, Angew. Chem. Int Ed 2001, 40, 
3214-3216. 
9. L. Lei, J.F. Gohy, N. Willet, S.K. Varshney, J.X. Zhang, R. Jérôme, Macromolecules 2004, 
37, 1089-1094. 
10. A. Khanal, K. Nakashima, N. Kawasaki, Y. Oishi, M. Uehara, H. Nakamura, Y. Tajima, 
Colloid Polym. Sci. 2005, 283, 1226-1232. 
11. A. Khanal, Y. Li, N. Takisawa, N. Kawasaki, Y. Oishi, K. Nakashima, Langmuir 2004, 20, 
4809-4812. 
12. J.F. Gohy, N. Willet, S.K. Varshney,  J.X. Zhang, R. Jérôme, e-Polymers 2002, No. 035. 
13. M. Stepanek, J. Humpolickova, K. Prochazka, M. Hof, Z. Tuzar, M. Spirkova, T. Wolff, 
Collect. Czech Chem. Commun. 2003, 68, 2120-2138. 
14. M. Stepanek, P. Matejicek, J. Humpolickova, K. Prochazka, Langmuir 2005, 21, 10783-
10790. 
58  
  
15. L. Lei, J. F. Gohy, N. Willet, J. X. Zhang, S. Varshney, R. Jerome, Polymer 2004, 45, 4375-
4381. 
16. Y. Li, A. Khanal, N. Kawasaki, Y. Oishi, K. Nakashima, Bull. Chem. Soc. Jpn. 2005, 78, 
529-533. 
  
59  
  
Chapter 4 
 
Preparation and Character ization of Micelles of 
Poly(styrene-b-2-vinyl-1-methyl pyridinium iodide-b-
ethylene oxide) in Aqueous Solution 
 
 
Poly(styrene-b-2-vinyl-1-methylpyridinium iodide-b-ethylene oxide) (PS-PVMP-PEO) was 
synthesized by quaternizing poly (2-vinyl pyridine) block of poly (styrene-b-2-vinyl pyridine-b-
ethylene oxide) with iodomethane. Then, PS-PVMP-PEO/tungstate hybrid micelles were 
prepared by binding tungstate to the PVMP block at neutral pH in aqueous solutions.  The hybrid 
micelles were characterized by various techniques like dynamic light scattering, scanning 
electron microscopy, transmission electron microscopy, and zeta-potential measurements.  It was 
found that the PS-PVMP-PEO/tungstate hybrid micelles have a spherical structure with a 
hydrodynamic diameter ranging from 80 to 120 nm depending on the amount of the incorporated 
tungstate.  
 
 
 
60  
  
4.1 Introduction 
Various hybrid polymeric micelles composed of organic and inorganic materials can be 
used as stabilizers, reservoirs, and nano-reactors for inorganic materials1-6. The organic-inorganic 
hybrid micelles, like other types of hybrid materials7-10, are also expected to show new functions 
which the individual organic and inorganic constituents do not have.  Despite the fact that AB 
diblock and ABA symmetric triblock copolymers have been widely employed for fabricating 
organic-inorganic hybrid micelles, ABC asymmetric triblock copolymers have been rarely 
used11-14. Recently, Gohy et al.11, 12 reported that a gold salt (AuCl4-) can be incorporated into 
core-shell-corona micelles of poly(styrene-b-2- vinylpyridine-b-ethylene oxide) (PS-PVP-PEO) 
triblock copolymers in aqueous solution.  These micelles have a central PS core, middle PVP 
shell, and outer PEO corona. The PVP shell is positively charged under acidic conditions11, 12, 15-
18 and shows an extended conformation at pH < 5 due to the repulsion between the positively-
charged polymer chains segments.  The PVP shells then act as reservoirs and nano-reactors for 
anionic species, and thus the PS-PVP-PEO micelles can be used to prepare organic-inorganic 
hybrid micelles11-13.   
The advantage of the PS-PVP-PEO micelles is demonstrated when they are employed as 
nano-reactors for the preparation of inorganic hollow nanoparticles19. Compared to the micelles 
of AB diblock and ABA symmetric triblock copolymers, the PS-PVP-PEO micelles are stable 
even after the PVP shells are saturated with anionic precursors because the steric repulsion 
between the PEO coronas prevents the micelle aggregation.  This is not the case of micelles of 
AB diblock and ABA symmetric triblock copolymers, which form micelles with a core-corona 
architecture, where the cores act as a template of the cavities, and the coronas act as a reservoirs 
and nano-reactors of the precursor of the inorganic material20-23 In such systems, however, the 
template micelles become unstable when the precursor is incorporated into the coronas, because 
the repulsion between the coronas is decreased by the incorporated precursor. This leads to the 
formation of aggregates in which two or more particles are bound to each other. 
Although the PS-PVP-PEO micelles are useful in various aspects including the 
synthesis of inorganic hollow nanoparticles, they cannot incorporate the precursors into the shell 
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domain under neutral and basic conditions since the PVP blocks are deprotonated and shrunk. 
Therefore, the use of the PS-PVP-PEO micelles is limited to acidic condition (pH < 5) for such 
purposes.  
 In this study, we have synthesized poly(styrene-b-2-vinyl-1-methylpyridinium iodide-b-
ethylene oxide) (PS-PVMP-PEO) by quaternizing the PVP block of PS-PVP-PEO with 
iodomethane.  The difference between PS-PVMP-PEO and PS-PVP-PEO is that the PVMP 
block in the former is positively ionized at any pH while the PVP block in the latter is ionized 
only under acidic condition.  Therefore, the PS-PVMP-PEO micelles are expected to overcome 
the drawback of the PS-PVP-PEO micelles: they can incorporate precursors and other chemical 
species into the PVMP shell domain at any pH. This advantage will open wider applications for 
PS-PVMP-PEO.   For example, it will be possible to use the micelles as a nano-container and a 
nano-carrier as well as a nano-reactor under wider pH condition.  Thus, we prepared micelles of 
PS-PVMP-PEO in aqueous solutions under neutral pH condition, and prepared the PS-PVMP-
PEO/tungstate hybrid micelles. Both PS-PVMP-PEO micelles and the PS-PVMP-PEO/tungstate 
hybrid micelles were characterized by scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), dynamic light scattering (DLS), and zeta-potential measurements.  
 
 
4.2 Experimental 
4.2.1 Materials 
PS-PVP-PEO (Polymer Source Inc.) was used as obtained.  We employed two samples 
of PS-PVP-PEO with different PS, PVP, and PEO block lengths. One has the molecular weights 
of PS (45000), PVP (16000), and PEO (8500), and the other has the molecular weights of PS 
(20100), PVP (14200), and PEO (26000).  We denote the former as PS-PVP-PEO-1 and the 
latter as PS-PVP-PEO-2.  Iodomethane (CH3I), sodium tungstate (Na2WO4), N,N-
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Pure Chemicals and used without purification.  Phosphotungstic acid hydrate 
(P2O5·24WO3·xH2O) was obtained from Alfa Aesar and used as received. 
 
4.2.2 Quaternization of the PVP block of PS-PVP-PE O 
A certain amount of PS-PVP-PEO was put in a round flask and dissolved in the mixture 
of THF and methanol (1:1 v/v).  Then a specific amount of iodomethane was added into the 
solution.  After stirring for two days at room temperature, the solution was refluxed for 8 hours.  
The polymer was precipitated by pouring the mixture into a large amount of cooled hexane. The 
product, PS-PVMP-PEO polymer, was dried under vacuum.  The obtained polymers are denoted 
as PS-PVMP-PEO-1 and PS-PVMP-PEO-2.  
The extent of quaternization of the PVP block was examined by NMR. The NMR 
spectra for both PS-PVP-PEO-1 and PS-PVMP-PEO-1 with the detailed assignment for the 
individual resonance peaks are shown in Figure 1. The peaks around 6.3-7.2 ppm are attributed 
to the phenyl protons in the PS block and pyridyl protons in the PVP block. The peak at 3.6 ppm 
is assigned to the methylene group of the PEO block.  The peaks around 1.4-1.8 ppm are 
attributed to the methylene protons of the PS and PVP backbones.  It is known that the peaks 
DURXQGSSPEHORQJWRWKHĮ-proton in the pyridyl ring.  Comparison of the two spectra shows 
that the proton peaks around 8.2 ppm are almost lost in the spectrum of PS-PVMP-PEO-1.  This 
fact indicates that almost all the PVP units were converted to PVMP.  Similar results were 
obtained for PS-PVP-PEO-2 and PS-PVMP-PEO-2 (Figure 2).  It should be noted here that there 
is no other significant change in the NMR spectra.  We can conclude that there is no degradation 
of the copolymer during the quaternization. 
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F igure 1. NMR spectra of (a) PS-PVP-PEO-1 and (b) PS-PVMP-PEO-1. 
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F igure 2. NMR spectra of (a) PS-PVP-PEO-2 and (b) PS-PVMP-PEO-2. 
 
4.2.3 Preparation of PS-PV MP-PE O micelles 
The PS-PVMP-PEO polymer was first dissolved in DMF at the initial concentration of 1 
wt%.  After the polymer was completely dissolved, water was added dropwise (1 wt% per 
minute) to the solution with vigorous stirring until the water content reached 15 wt%.   To get the 
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final polymer concentration of 0.5 wt%, more water had to be added to the solution. The solution 
was then dialyzed against water to obtain the micellar solution.  This solution was diluted to a 
concentration of 1 g L-1 as the stock solution with the pH around 7.  The micellar solutions were 
characterized without further adjustment of pH and ionic strength. 
 
4.2.4 Preparation of PS-PV MP-PE O/tungstate hybrid micelles 
A certain amount of micelle solution was taken from the stock solution and mixed with 
a specific amount of sodium tungstate solution.  Then the mixture was diluted to the polymer 
concentration of 0.08 g L-1. 
 
4.2.5 Characterization 
4.2.5.1 1H Nuclear magnetic resonance (N M R) measurements 
NMR measurements were carried out with a JEOL JNM-AL300 instrument.  Deuterated 
chloroform was used as the solvent. 
 
4.2.5.2 Dynamic light scattering (D LS) measurements 
DLS was measured with an Otsuka ELS-8000 Electrophoretic Light Scattering 
Spectrophotometer at a fixed 90 degree scattering angle.  The correlation functions were 
analyzed by the cumulant method to determine the diffusion coefficient (D) of the micelles. The 
hydrodynamic diameter (Dh) was calculated from D using the Stokes-Einstein equation:  
      , 
where kB is the Boltzmann constant, T the absolute temperature, and Șthe solvent viscosity. 
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4.2.5.3 Zeta-potential measurements 
Zeta-potential was calculated from the electrophoretic mobility, which was measured 
with an Otsuka ELS-8000 Electrophoretic Light Scattering Spectrophotometer.   
 
4.2.5.4 Scanning electron microscopy (SE M) 
To prepare the SEM sample, one drop of micelle solution (polymer concentration: 1 gL-
1) was cast on the carbon film followed by evaporation of water under air atmosphere.  SEM 
observations were carried out with a Hitachi U1500 Electron Microscope operated at 15 kV. 
 
4.2.5.5 T ransmission electron microscopy (T E M) 
The TEM samples were prepared by casting one drop of micelle solution (polymer 
concentration: 1 gL-1) on a copper grid, followed by staining with phosphotungstic acid.  The 
TEM pictures were recorded on JEOL JEM-1210 Electron Microscope at the voltage of 80 kV. 
 
 
4.3 Results and Discussion 
4.3.1 Characterization of the PS-PV MP-PE O micelles  
Figure 3 shows the micelle morphology obtained by SEM measurements.  The SEM 
images clearly show spherical particles both for PS-PVMP-PEO-1 and PS-PVMP-PEO-2.  These 
pictures give concrete evidence for micelle formation of PS-PVMP-PEO.  
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F igure 3. SEM image of (a) PS-PVMP-PEO-1 and (b) PS-PVMP-PEO-2 micelles.  The sample 
for the SEM measurement was prepared from the solution with the polymer concentration of 1 g 
L-1. 
 
The hydrodynamic diameter (Dh) of the PS-PVMP-PEO micelles was measured by DLS.  
When the concentration of PS-PVMP-PEO-1 is higher than 0.007 gL-1, we detected scattered 
light strong enough to make reliable analysis which yielded Dh approximately 150 nm. Below 
this concentration, the scattering intensity was too weak for obtaining reasonable results.  For 
PS-PVMP-PEO-2, we obtained a reliable Dh value (approximately 120 nm) when the polymer 
concentration was higher than 0.04 g L-1.  
Critical micelle concentration (CMC) is an important parameter of polymeric micelles. 
However, we could not determine the CMC although we tried to estimate it by several 
techniques including fluorescence spectroscopy.  Therefore, it is currently unclear whether the 
micelles have a CMC. The micelles behave like frozen micelles24, which have no CMC because 
the exchange of the unimer between the micelles and the aqueous bulk phase is quite slow (or 
does not occur). This can be explained by the high glass transition temperature, Tg, of PS blocks.  
Figure 4 shows TEM pictures of PS-PVMP-PEO-1 and PS-PVMP-PEO-2 micelles 
stained with phosphotungstic acid.  The dark background is due to phosphotungstic acid 
employed for negative staining.  The white spheres indicate the PS core of the PS-PVMP-PEO 
68  
  
micelles.  It is clear from the TEM pictures that the PS cores have a spherical structure in both 
micelles.  The averaged diameters of the PS cores are 17 nm for PS-PVMP-PEO-1 and 11 nm for 
PS-PVMP-PEO-2.  The fact that the diameter of the PS core of the PS-PVMP-PEO-1 micelle is 
larger than that of PS-PVMP-PEO-2 micelle reflects the fact that the molecular weight of the PS 
of the former polymer is larger than that of the latter. 
 
  
F igure 4. TEM images of (a) PS-PVMP-PEO-1 and (b) PS-PVMP-PEO-2 micelles.  The 
micelles were stained with phosphotungstic acid. 
 
4.3.2 Preparation of PS-PV MP-PE O/tungstate hybrid micelles 
We reported previously25, 26 that some anionic species can be incorporated into the 
ionized PVP shell of PS-PVP-PEO micelles in acidic solutions.  Therefore, we examined if 
anionic species can also be incorporated into the PMVP shell of PS-PVMP-PEO micelles.  
Tungstate ion was selected as an example of the anions, because tungstate nanoparticles have 
been known as a semiconductor photocatalyst.  A specific amount of sodium tungstate was 
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added into a PS-PVMP-PEO micelle solution.  To show the amount of added tungstate ion we 
define an apparent degree of neutralization (DN) as follows:  
  , 
where VMP stands for 2-vinyl-1-methylpyridinium ion.  According to this definition, DN=100% 
means that all of the cationic sites of the PVMP are occupied by tungstate ions under the 
condition that all the added tungstate ions are bound to the PMVP block. 
Figure 5 presents the TEM pictures of the PS-PVMP-PEO micelles after tungstate ion is 
incorporated.  We can see a dark periphery around a white sphere in both pictures. The dark 
periphery is the tungstate-loaded PVMP shell and the white sphere is the glassy PS core.  These 
pictures clearly show that tungstate ions are effectively bound to the PVMP shell to give PS-
PVMP-PEO/tungstate hybrid micelles. 
We also measured zeta-potential to confirm the binding of tungstate ions to the PVMP 
shell of the micelle.  Since the PS-PVMP-PEO micelle particles have a positive charge while a 
tungstate ion has a negative charge, it can be expected that the zeta-potential of the PS-PVMP-
PEO micelle particles is positive, and decreases with increasing amount of the bound tungstate 
ion. Figure 6 shows the zeta-potential of PS-PVMP-PEO micelle as a function of DN (i.e., the 
amount of the added tungstate ion).  When DN was increased to 100 %, the zeta-potential was 
almost zero.  It indicates that almost all charge of the PVMP was cancelled by anionic tungstate 
ions.  This fact also demonstrates that tungstate ions are well bound to the PVMP shell of the PS-
PVMP-PEO polymeric micelle.  It should be noted here that PS-PVMP-PEO-1 and PS-PVMP-
PEO-2 show different behavior in the change of zeta-potential and that the zeta-potential does 
not linearly change with the total concentration of tungstate in both systems.  According to the 
theory of interfacial double layer, zeta-potential is the potential difference between the dispersion 
medium and the stationary layer of the fluid around the dispersed particle.  In micellar solutions, 
the zeta-potential will be affected by the factors which change the electrical stability of the 
system.  In the present case, the two polymeric micelles have different particle size as well as 
different chain-length of positive PVMP shell.  The extent of shrinkage of the micelles might be 
70  
  
different when tungstate was added.  Therefore, it seems possible that the two polymers show 
different behavior in the change of the zeta-potential.  The non-linear change of the zeta-
potential can be ascribed to the two reasons: (i) The size of micelle was changed by the addition 
of tungstate, as mentioned, and (ii) The amount of sorbed tungstate did not linearly increase with 
the increase in the amouont of added  tungstate.   The similar non-linear change of the zeta-
potential was also observed for other systems.27,28 
 
  
F igure 5. TEM images of (a) PS-PVMP-PEO-1/tungstate and (b) PS-PVMP-PEO-2/tungstate 
hybrid micelles.  DN is equal to 100 %.  The concentration of PS-PVMP-PEO-1 and PS-PVMP-
PEO-2 in aqueous solutions is 0.08 g L-1. 
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F igure 6. Change in the zeta-potential of PS-PVMP-PEO/tungstate hybrid micelles as a function 
of DN. 
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It is expected, as in the case of PS-PVP-PEO13, that the PS-PVMP-PEO micelles 
undergo a size change with the increasing amount of bound tungstate. Since the stimuli-
responsive nature of polymeric micelles has attracted much attention in recent decades, the size 
change was investigated by DLS measurements. Figure 7 shows the dependence of the 
hydrodynamic diameter of PS-PVMP-PEO-1 micelle on DN.  The hydrodynamic diameter keeps 
decreasing with increasing DN, and becomes constant when DN is higher than 100 % (in this 
representation values of DN > 100% mean that there are unbound tungstate ions in the solution).  
This change in the size can be ascribed to the conformational change in the PVMP blocks.  When 
DN = 0, the PVMP block is positively charged, so that it takes an extended conformation due to 
the electrostatic repulsion between the positive charges. As the tungstate ion is bound to the 
PVMP block, the positive charge of the polymer is cancelled by the negative charge of the 
tungstate ion, leading to the conformational change from extended to shrunk structures. The 
binding of the tungstate ion is completed at DN = 100%, and thereafter the conformational 
change of the PVMP block does not occur any more.  
It should be stressed here that the binding of the counterion to the PVMP shell could be 
done even in a neutral pH condition.  This is an advantage of PS-PVMP-PEO compared to PS-
PVP-PEO - the incorporation of reactants is possible at any pH in the former whereas it is 
possible only in acidic conditions in the latter. 
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F igure 7. Change in the hydrodynamic diameter of PS-PVMP-PEO-1/tungstate hybrid micelle as 
a function of DN (values of DN > 100% mean that there are unbound tungstate ions in the 
solution). 
 
 
4.4 Conclusions 
 PS-PVMP-PEO was synthesized by quaternizing the PVP block of PS-PVP-PEO with 
iodomethane. The extent of quaternization of the PVP block is almost 100 % as confirmed by 
NMR.  
The micelles of PS-PVMP-PEO with PS core, PVMP shell and PEO corona were 
prepared in aqueous solutions by dialysis techniques.   It is shown by SEM measurements that 
the micelles have a spherical structure. DLS measurements revealed that the hydrodynamic 
diameters of the PS-PVMP-PEO-1 and PS-PVMP-PEO-2 micelles are about 150 and 120 nm, 
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respectively, at a neutral pH condition.  The CMC of the micelle could not be obtained. This may 
be due to a frozen state of the micelles.  
The PS-PVMP-PEO/tungstate hybrid micelles were prepared in a neutral pH condition.  
TEM and zeta-potential measurements showed that tungstate anions were effectively 
incorporated into the PS-PVMP-PEO neat micelles to give the PS-PVMP-PEO/tungstate hybrid 
micelles.  The incorporation of tungstate ions into the micelle caused a significant change in Dh 
of the micelle.  The change in Dh is attributed to a conformational change in the PVMP block 
from an extended to a shrunk structure, which is induced by cancellation of the positive charge 
of the PVMP block with the negative charge of the bound tungstate ions.  This stimuli-
responsive nature is the main advantage of the PS-PVMP-PEO micelles.  
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Chapter 5  
 
Fabrication of Hollow Metal Oxide Nanospheres 
Templated by Micelle of Poly (styrene-b-2-vinyl-1-
methylpyridinium iodide-b-ethylene oxide) 
 
 
Hollow metal oxide nanospheres, such as niobium pentoxide, cerium oxide, and vanadia, have 
been successfully synthesized, for the first time, by templating a polymeric micelle of poly 
(styrene-b-2-vinyl-1-methylpyridinium iodide-b-ethylene oxide) (PS-PVMP-PEO). The PS-
PVMP-PEO forms a micelle with a PS core, PVMP shell, and PEO corona in aqueous solutions. 
The significance of the present method is that each block of the copolymer has its unique 
function in the synthesis of the hollow metal oxide nanospheres; the PS core plays a role of a 
template of the cavity, while the cationic PVMP shell works as a reservoir and nanoreactor for 
the precursors of the metal oxides, and the PEO corona stabilizes the polymer/inorganic hybrid 
to prevent secondary aggregate formation. 
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5.1 Introduction 
Metal oxides have many applications due to their special electrical, optical, and magnetic 
performances.  They have been used as ceramic and semiconductor materials in various fields.  
For instance, niobium pentoxide (Nb2O5) is used in the production of capacitors and optical 
glasses as well as the supports of metal oxide catalysts.1,2  Thus, many groups have proposed a 
variety of methods to synthesize metal oxide nanoparticles.3-10  Among the metal oxide 
nanoparticles, however, only a small number of studies have been devoted to hollow nanospheres, 
because they are relatively new materials compared to conventional dense nanospheres.  
Especially, there have never been studies on the hollow nanospheres of Nb2O5, CeO2, and V2O5, 
although these hollow nanospheres have potential applications in many fields based on their 
characteristics of low density, large surface area, and surface permeability.  Therefore, we tried 
to synthesize the hollow nanospheres of Nb2O5, CeO2, and V2O5 in this study.  
We have recently succeeded in the synthesis of hollow silica nanospheres using a 
template of polymeric micelles with a core-shell-corona structure.11  The micelle of poly 
(styrene-b-2-vinyl pyridine-b-ethylene oxide) (PS-PVP-PEO), consisting of a PS core, PVP shell, 
and PEO corona, was used as the template because the micelle of this polymer has been well 
characterized by several groups.12,13  In this method, the PS core acts as the template of the 
cavity, the PVP shell plays the role of a reservoir and reactor for the silica precursor, and the 
PEO corona helps the stabilization of the polymer/silica hybrid particles to prevent formation of 
secondary aggregates.  Silica was deposited in the PVP shell domain by the sol-gel reaction of 
tetramethoxysilane (TMOS).11.14  The polymer/silica hybrid particles were then calcined to 
remove the polymer template, thus leaving the hollow silica nanospheres.  The feature of this 
method is that the core, shell, and corona of the template micelle has its own specific function to 
form a well-defined shape, controlled size of the cavity and the silica wall, and less aggregated 
powders with a good dispersibility in water. 
In spite of these unique feature, however, the previous method has a drawback that the 
PVP block is not ionized at a pH higher than 5, so that the PVP block cannot work as the 
reservoir and nanoreactor for the precursor under neutral and basic conditions.  Therefore, the 
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reaction is limited to acidic conditions.  This is a serious problem for the synthesis of some metal 
oxides.  To solve this problem, we tried to quaternize the PVP block.  Once the PVP block is 
quaternized, the cationic shell can be obtained over a wider pH ranging from acidic to basic 
conditions, and work as a reservoir and nanoreactor for the metal oxide precursors.  By using this 
technique, we have succeeded in fabricating the hollow nanospheres of Nb2O5, CeO2, and V2O5.  
The procedure of the new technique is shown in Scheme 1. 
 
Scheme 1. Fabrication of hollow metal oxide nanospheres from  PS-PVMP-PEO micelle 
template. 
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5.2 Experimental 
5.2.1 Materials 
The PS(45k)-PVP(16k)-PEO(8.5k) triblock copolymer was obtained from Polymer 
Source.  The numbers in the parentheses are the molecular weights of the corresponding block 
chains.  The PVP block is quaternized by iodomethane in a THF/methanol (1:1 V/V) mixture at 
60 Ԩ.  The product, poly (styrene-b-2-vinyl-1-methylpyridinium iodide-b-ethylene oxide) 
(abbreviated as PS-PVMP-PEO) was precipitated in hexane.  The degree of quarternization is 
about 100 % as confirmed by NMR (Chapter 4, Figure 1).  Details of the characterization of the 
PS-PVMP-PEO will be reported elsewhere.15 
 
5.2.2 Preparation of PS-PV MP-PE O micelle 
To prepare the template polymeric micelle, PS-PVMP-PEO was dissolved in DMF at the 
initial concentration of 1 wt%.  After it was completely dissolved, water was dropwise added to 
the solution with vigorous stirring until the water content reached 15 wt%.  The rate of the water 
addition was 1 wt% per minute.  More water was added to the solution to make the final polymer 
concentration of 0.5 wt%.  The solution was then dialyzed against water to obtain the micelle 
solution. 
 
5.2.3 Fabrication of hollow metal oxide nanospheres 
To prepare the hollow nanoparticles of Nb2O5, CeO2, and V2O5, niobium (V) ethoxide, 
cerium sulfate, and ammonium vanadate (V) were employed as the precursors, respectively.  
According to the literature,16-19 the isoelectric points of these metal oxides are around pH 4, 7, 
and 3, respectively, for Nb2O5, CeO2 and V2O5.  A specific amount (niobium (V) ethoxide: 26.5 
mg, cerium sulfate: 39 mg, ammonium vanadate (V): 2 mg) of each precursor was added to 5 mL 
of the micelle solution by agitating with a magnetic stirrer.  A NaOH solution was used to adjust 
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the pH if necessary.  The solution was stirred for 1 or 2 days, and stored for 2 days without 
stirring to obtain the polymer/metal oxide hybrid.  The polymer/metal oxide hybrid was 
separated from the solution by centrifugation, and dried in an oven at 50 Ԩ.  To obtain hollow 
particles, the polymer template was removed by calcination at 500 Ԩ for 4 hours. 
 
5.2.4 Characterization 
5.2.4.1 PS-PV MP-PE O Micelle 
The hydrodynamic diameter of the PS-PVMP-PEO micelle was measured by dynamic 
light scattering (DLS), and found to be around 150 nm.  The micelle morphology was examined 
by transmission electron microscopy (TEM) using a JEOL JEM-1210 microscope at the voltage 
of 80 kV, after the micelle sample was stained with phosphotungstic acid.  The obtained TEM 
picture is shown in Figure 1.  The white spheres correspond to the hard PS cores of the micelles.  
It is clear from the TEM picture that the micelle has a spherical structure. 
 
5.2.4.2 Hollow Metal Oxide Nanospheres 
The removal of the template polymer was confirmed by FTIR measurements. It is clear 
from the FTIR spectra (Figure 2) the C=C vibrational band of phenyl group (around 1500 cm-1) 
and the CH2 vibrational band of the polymer main chain (around 2800 cm-1) is completely lost 
after calcination. To prepare the samples of the TEM measurements, the products were dispersed 
in water, followed by casting on a copper grid.  The TEM pictures were taken by a JEOL-
2000FX microscope at the voltage of 200 kV. 
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F igure 1. TEM picture of the PS-PVMP-PEO micelle. The TEM sample was prepared from an 
aqueous solution at the polymer concentration of 1 g/L. The micelle was stained with 
phosphotungstic acid 
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F igure 2. FTIR spectra of cerium oxide/polymer hybrid (a) before and (b) after calcination.  The 
C=C vibrational band of the phenyl ring (around 1500 cm-1) and the CH2 vibrational bands of the 
polymer main chain  (around 2800 cm-1) are completely lost after calcination. 
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5.3 Results and Discussion 
Figure 3a illustrates the hollow Nb2O5 nanospheres.  Almost all of the particles have a 
spherical hollow structure with a similar wall thickness.  The diameter of the cavity is 
approximately 12 nm, while the wall thickness is approximately 6 nm.  The molar ratio of the 1-
methylpyridinium (MP) group in the PVMP block to the precursor is 1:10.  Different 
concentrations of the precursor were also investigated (1:5 and 1:15) (Figure 4-5).  When the 
molar ratio of MP to the precursor was 1:5, no hollow nanospheres were obtained.  On the other 
hand, a network structure was obtained when the 1:15 molar ratio was used.  This fact indicates 
that a critical concentration of the precursor is necessary to prepare the hollow Nb2O5. 
Figure 3b is a TEM image of the hollow CeO2 nanospheres.  As clearly seen in the TEM 
image, uniform hollow spheres are obtained.  The inner diameter is approximately 17 nm and the 
wall thickness is approximately 9 nm. 
It is interesting to compare the cavity size of the Nb2O5 and CeO2 nanospheres, because 
the same template micelle was used for their syntheses.  As the PS core acts as the template of 
the cavity for the hollow nanospheres, the cavity diameters should be the same in both particles.  
However, the obtained cavity diameter is approximately 12 nm in Nb2O5, whereas it is 
approximately 17 nm in CeO27KLVGLIIHUHQFHVHHPVWREHDWWULEXWHGWR³VKULQNLQJ´GXULQJWKH
calcinations.  It has been reported by several groups11,20-21 that the cavity size of the hollow 
inorganic particles becomes smaller than the size of the template polymers, which is ascribed to 
the shrinking of the particles during the calcinations.  Therefore, it seems that the Nb2O5 and 
CeO2 walls shrunk to different degrees. 
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F igure 3. TEM pictures of a) hollow Nb2O5 and b) hollow CeO2 nanospheres prepared by 
templating the PS-PVMP-PEO micelle.  The concentration of the PS-PVMP-PEO is 1 g/L and 
the molar ratio of the MP: precursor is 1:10 in both samples. 
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F igure 4. TEM images of Nb2O5 particles templated by PS-PVMP-PEO. The molar ratio of the 
MP: precursor is 1:5. 
 
  
F igure 5. TEM images of Nb2O5 particles templated by PS-PVMP-PEO. The molar ratio of the 
MP: precursor is 1:15. 
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We also obtained hollow nanospheres of V2O5 (Figure 5).  The TEM picture shows a 
clear hollow structure of V2O5.  However, we sometimes met considerable aggregation in the 
synthesis of V2O5 hollow nanospheres.  This might be attributed to the fast hydrolysis of the 
V2O5 precursor in the aqueous micellar solutions.  Once the precursors was added to the micellar 
solutions, the precipitation of the product immediately occurred, indicating that the sol-gel 
reaction started in the aqueous bulk phase before the precursor was incorporated into the 
template micelles.  This might result in the non-templated structures of the aggregated products.  
Thus, the rate of hydrolysis of the precursors seems to be one of the key factors to obtain well-
controlled hollow nanospheres.  We have to determine the conditions under which the hydrolysis 
of the precursor of V2O5 is retarded.  This will be extensively investigated in future studies. 
 
  
F igure 5. TEM images of hollow V2O5 nanospheres templated by PS-PVMP-PEO. The molar 
ratio of the MP: precursor is 1:2. 
 
 
 
88  
  
5.4 Conclusions 
In summary, we have succeeded in the fabrication of hollow nanospheres of Nb2O5, CeO2, 
and V2O5, by templating the polymeric micelle of PS-PVMP-PEO which has a PS core, PVMP 
shell, and PEO corona in aqueous solutions.  All of the obtained metal oxide nanoparticles have a 
spherical shape with a uniform cavity size and wall thickness.  It was found that the rate of 
hydrolysis of the precursors is one of the key factors to obtain nanospheres with a well-
controlled structure. To our best knowledge, this is the first paper that reports the synthesis of the 
hollow nanospheres of  Nb2O5, CeO2, and V2O5. 
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Chapter 6  
 
Summary 
 
The motivation of this work is to demonstrate a novel method to fabricate hollow 
inorganic nanospheres templated by polymeric micelles.  These days the synthesis of hollow 
inorganic nanoparticles has been the focus of intense research.  Inorganic materials are so 
popular in various fields such as materials design, catalysis, drug-carrier, energy transferor etc.  
Nanotechnology is a relatively new area, particularly inorganic nanoparticles have great potential 
applications in many fields due to superior electrical, optical, thermal and magnetic properties. 
Although a big number of inorganic nanoparticles were made by hydrothermal or colloid 
methods, only a few of them possess the desired hollow structure.  Compared to the dense 
nanoparticles, the hollow analogues have low density and large specific area, interesting 
electrical and optical properties.  However, the synthesis of hollow nanoparticles is a not a 
straight forward as that of normal dense nanoparticles, except the case of silica which can be 
easily controlled by this approach.  So the first task is the control of desired hollow structure 
during the synthesis stage.  And the second one is to find out general applicability for fabrication 
of different series of inorganic materials.  For this purpose, we employed the polymeric micelles 
with core-shell-corona structure as the template for the synthesis of hollow nanospheres.  Here 
we describe the controlled synthesis of hollow silica nanospheres by Poly(styrene-b-2-
vinylpyridine-b-ethylene oxide) (PS±PVP±PEO) micelles and using tetramethoxysilane (TMOS) 
as the silica precursor.  This approach was also employed by us in which the PS core of micelle 
acts as the template for the cavity, the ionized PVP shell presents as a reservoir and reactor for 
the silica precursor while PEO corona helps in stabilization of the polymer/silica hybrid particles 
by preventing the formation of secondary aggregates.  The experiments were carried out at pH4, 
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at which the ionized PVP shell catalyze the hydrolysis of TMOS and the negative charged silica 
species would easily bind to the positive charged PVP layer.  Then the silica wall would form 
around the PS core to get the hollow silica nanospheres.  Three triblock copolymers with 
different PS chain lengths were employed, and it was seen that the cavity size of hollow silica 
nanospheres can be fine-tuned on a several nanometer scale (from 10 to 20 nm).  Compared with 
the size of PS core, the nanospheres would shrink after the calcinations, and the extent of the 
shrinkage seemed to increase with increase of particles size.  In addition, the wall thickness was 
also controlled by using different concentration of silica precursor TMOS. 
As we have seen already, one of the advantages of polymeric template is the easy control 
of the morphologies of micelles and the resulting hollow nanoparticles.  In this context, we 
describe the preparation of mixed micelles PS-PVP-PEO and homo polystyrene (homo-PS).  By 
adding different amount of homo-PS with molecule weight similar to that of PS block of the 
triblock copolymer, micelles with different core sizes can be successfully prepared.  The increase 
in micelle size was confirmed by various characterizations and showed a similar core-shell-
corona architecture.  The increase of PS core size due to addition of home-PS might be due to the 
protection of unionized PVP layer, and the PS core size much larger in the solution than the dry 
state.  The mixed micelle was also successfully applied to the fabrication of hollow silica 
nanospheres by using TMOS as the precursor, though the addition of homo-PS caused the 
broader distribution of polymeric micelle size.  It was found that hollow silica nanospheres with 
bigger cavity can be obtained in presence of homo-PS compared with material obtained from 
pure PS-PVP-PEO micelle, and the cavity size can be controlled from 20 to 28 nm according to 
the amount of added homo-PS.  When the content of homo-PS exceeds 16 wt%, the sizes of both 
micelles and hollow silica nanospheres did not change significantly.  Furthermore, the control of 
wall thickness by silica precursor concentration was also proved. 
Since the hydrolysis of TMOS can be easily controlled by the protoned PVP in a weak 
acidic conditions (around pH4), the hollow silica nanospheres with tunable cavity and wall 
thickness can be fabricated by this approach using the micelles PS-PVP-PEO.  However, PS-
PVP-PEO has a disadvantage that PVP can only be protoned and become hydrophilic in an 
acidic solution of pH<5, which may restrict the fabrication of other kinds of hollow inorganic 
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nanospheres.  In order to generalize the present strategy, we describe the preparation of 
polymeric micelle Poly(styrene-b-2-vinyl-1-methylpyridinium iodide-b-ethylene oxide) (PS-
PVMP-PEO), which was synthesized by quaternizing poly (2-vinyl pyridine) block of PS-PVP-
PEO with iodomethane.  We have employed two kinds of PS-PVMP-PEO with different PS 
chain lengths to prepare micelles with a core-shell-corona structure having a positive hydrophilic 
PVMP shell in wide range of pH values.  They also showed the properties of a frozen micelle.  
The absorption and stimuli-responsive ability of this new type micelle was also tested by 
addition of a metal ion. PS-PVMP-PEO/tungstate hybrid micelles were prepared by electrostatic 
interaction of tungstate anions to the PVMP block at neutral pH in aqueous solutions.  The 
binding of tungstate ion to the micelles to form hybrid micelles was confirmed by various 
techniques including dynamic light scattering, scanning electron microscopy, transmission 
electron microscopy, and zeta-potential measurements.  A shrunk spherical structure was 
observed for the PS-PVMP-PEO/tungstate hybrid micelles after incorporating tungstate ions to 
PVMP shell, and the shrunk micelle hybrid with diameter from 120 nm to 80 nm depending on 
the amount of the incorporated tungstates was also observed. 
We have also the extended utility of polymeric micelle PS-PVMP-PEO for other hollow 
inorganic nanospheres other than silica.  Here, we describe the fabrication of several kinds of 
hollow metal oxide nanospheres, such as niobium pentoxide, cerium oxide, and vanadia by the 
same approach using the PS-PVMP-PEO micelle.  To the best of our knowledge, this is the first 
report over the synthesis of hollow nanospheres of Nb2O5, CeO2, and V2O5.  For the synthesis, 
niobium (V) ethoxide, cerium sulfate, and ammonium vanadate (V) were employed as the metal 
precursors.  The particles were mainly confirmed by transmission electron microscopy 
observation and similar mechanism would be expected for the formation of hollow nanoparticles.  
The PVMP shell provides a place for the hydrolysis of the precursors to form a metal oxide wall 
after the sol-gel reaction.  After the removal of PS by calcinations, it forms the void space inside 
the nanospheres, and the presence of PEO corona helps to stabilize the hybrid to some extent.  
The different metal nanoparticles showed different cavity size which might be attributed to the 
different extent of shrinkage corresponding to the different metal oxide.  The most significant 
point of this approach is that each block of the copolymer has its unique function in the synthesis 
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of the hollow metal oxide nanospheres, and it proves that there is a high possibility that this 
method can be extended to the fabrication of hollow nanospheres of other inorganic materials. 
Overall, the micelles with core-shell-corona architecture formed by the asymmetric 
triblock copolymer in aqueous solution seem to be a good template for the synthesis of hollow 
inorganic nanospheres.  By this method, the cavity of the hollow nanospheres can be well 
controlled by the size of micelle core which can be tuned by the polymer block or adding 
homopolymer, and the wall thickness can be well tuned by changing the concentration of 
precursor.  We believe that the present method can be adapted for synthesis of a series of 
inorganic materials with hollow structures with precise control over structural parameters. 
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